The chromosome structure of lactic acid bacteria has been investigated only recently. The development of pulsed-field gel electrophoresis (PFGE) combined with other DNA-based techniques enables whole-genome analysis of any bacterium, and has allowed rapid progress to be made in the knowledge of the lactic acid bacteria genome. Lactic acid bacteria possess one of the smallest eubacterial chromosomes. Depending on the species, the genome sizes range from 1.1 to 2.6 Mb. Combined physical and genetic maps of several species are already available or close to being achieved. Knowledge of the genomic structure of these organisms will serve as a basis for future genetic studies. Macrorestriction fingerprinting by PFGE is already one of the major tools for strain differentiation, identification of individual strains, and the detection of strain lineages. The genome data resulting from these studies will be of general application strain improvement.
Introduction
In recent years, the interest of the geneticists studying lactic acid bacteria was mainly focused on the study of extrachromosomal elements like phages and plasmids. This interest can easily be explained: the tools for their analysis were available, and plasmids, especially in the case of the lactococci, are involved in technologically significant processes like proteolysis, lactic acid production and phage resistance.
Until the late eighties, little information was
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available about the structure and organization of the chromosome of lactic acid bacteria. Analysis of the genome was restricted to measurements of its base composition and the use of renaturation kinetics to determine its size [1] [2] [3] [4] [5] [6] . As for the majority of bacteria, the study of the genome of lactic acid bacteria was not feasible by the classical genetic mapping methods such as interrupted conjugation, transduction and transformation. Using these techniques, elaborate genetic maps have been constructed in Escherichia coli [7] , Salmonella typhimurium [8] , Bacillus subtilis [9] and Pseudomonas [10] . Various chromosomal genes of lactic acid bacteria, mainly from lactococci, have now been characterized, and the availability of a combined physical and genetic map for each species would be of great help for future genetic and biological studies.
11{}
The development of the pulsed-field gel electrophoresis (PFGE) technique has allowed the physical analysis of whole bacterial genomes. The first data concerning PFGE were presented in 1983 by Cantor et al. [11] at Cold Spring Harbor. This major technological breakthrough in the eighties was the result of two technical developments: (i) the use of agarose as a protective matrix to purify intact bacterial chromosomes [12] ; and (ii) DNA migration in agarose by exposure to alternating electrical fields [13, 14] . The largest DNA fragments that can be resolved in classical agarose gels are about 20 kb. The limit in PFGE is in theory infinite, but in practice about 10 Mb [15] . The reader will find background data concerning PFGE in references [15] [16] [17] [18] [19] [20] [21] .
The usefulness of this method was only slowly appreciated by prokaryote geneticists. The first complete low-resolution physical map of a bacterium, that of E. coli, was published in 1987 [22] .
In this article, the perfect co-linearity between the genetic map and the physical map in this bacterium was shown. It was also demonstrated that physical genomic mapping is possible for a large number of microorganisms, even without any genetic data available. Over 100 different bacterial isolates representing different genera, species and strains have now been analysed by PFGE, indicating the broad applicability of this technology. The number of bacterial restriction maps has increased rapidly since 1987. In the comprehensive review on the chromosome organization in bacteria published in 1990 [23] , 10 maps were mentioned while more than 70 published maps were available by the end of 1992. All these data have laid the foundations of a new discipline in microbiology, i.e. bacterial genome analysis.
Genome fingerprinting by PFGE for strain differentiation
The availability of a simple and reliable method for typing bacteria is of a great value for both basic and applied research on lactic acid bacteria. The classical procedures for strain characterization, such as bacteriophage typing [24] , plasmid profile determinations [25] , DNA homology analysis [5] , immunological studies [26] , biochemical tests or nutritional characteristics [2] , cell wall composition analysis [27, 28] and gas chromatography of cellular fatty acids [29, 30] , are generally not very suitable to distinguish between closely related strains of the same species with similar or identical phenotypic properties.
Over the last two decades, nucleic acid studies have become increasingly important to bacterial taxonomy. Recently. various techniques have been developed, including the use of molecular probes, often rRNA sequences or specific DNA probes. Restriction endonuclease analysis of the bacterial genome is a useful tool for the differentiation of bacteria, and the comparison of the restriction profiles allows for elucidation of a global genomic polymorphism. This technique of strain typing is based on the analysis of the genome itself and is not dependent on gene expression.
Genomic DNA fingerprints can be obtained by digestion of the chromosome with restriction enzymes which cut at frequent sites, and separation of the DNA fragments by conventional agarose gel electrophoresis. By this simple and rapid method, it is possible to reproducibly observe differences between strains and to produce patterns showing restriction enzyme polymorphism. DNA fingerprints obtained by this technique have been used to identify and characterize strains of lactococci [31] , streptococci [31, 32] and leuconostocs [33] . The usefulness of this method has been demonstrated by monitoring population dynamics during fermentation with mixed strain starter cultures [31] . However, DNA fingerprinting with frequently cutting restriction enzymes has a major drawback: analysis of a bacterial chromosome yields hundreds to thousands of fragments, and separation of these by conventional agarose gel electrophoresis results in poorly resolved smears which are difficult to analyse and compare. Reproducibility of the patterns is also strongly dependent on the experimental conditions. However, such DNA fingerprints are a prerequisite for probe analysis to detect restriction fragment length polymorphism (RFLP) in specific parts of the chromosome, particularly in ribosomal RNA operons.
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The disadvantage of the previous method can be overcome by cleavage of the genome with infrequently cutting restriction endonucleases [12] , and subsequent separation of the DNA fragments by PFGE reveals a clearly resolved macrorestriction fingerprint [12, 34, 35] . The two restriction enzymes Smal and ApaI were found to produce distributions of DNA fragments that are useful for genome analysis by PFGE of Lactococcus lactis [36] [37] [38] , Leuconostoc [39] and Streptococcus thermophilus [36, 37, 40, 41] . The enzyme XhoI gave valuable patterns for Lactobacillus delbrueckii subsp, bulgaricus [42] . When analysed with these enzymes, a given strain usually displays unique macrorestriction fingerprints. When the patterns of two unrelated strains of the same species or two strains belonging to different species were compared, the percentage of comigrating fragments was only about 20-40%. This percentage is over 80% for two isogenic or closely related strains. An algorithm has been derived which allows quantitative estimation of the genomic relationships among strains [43] . Macrorestriction pattern analysis has no taxonomic value, but is a powerful tool for the identification of a particular strain and its isogenic derivatives, and for genome evolution studies. It is perfectly complementary to methods using oligonucleotide probes targeted to rRNA sequences which only allow differentiation of bacteria at the species or subspecies level. The differences in the patterns of isogenic derivatives may be due in part to chromosomal rearrangements involving deletions, inversions, and integration or excision of mobile genetic elements like phages, transposons, insertion sequences or integrative plasmids.
The strength of the technique is exemplified by the study of the genetic history of Lactococcus lactis strain 712: different subclones of this strain, NCDO712, NCDO763 (ML3), NCDO505 (C2), NCDO2031 (C2) were handled in different laboratories for several years and two plasmid and prophage-free derivatives MG1363 (NCDO712) and LM2301 (NCDO2031) are widely used as laboratory strains. The close relationship of these strains was confirmed, since the NotI and Sinai profiles of all the strains are very similar. The major variation is a deletion of 60 kb occurring in strains C2, LM2301 and NCDO2031 which could be correlated with the loss of a chromosomally located sex factor [44] .
Genome fingerprinting by PFGE has potential industrial usefulness, particularly in selection procedures, to demonstrate that a given strain is isogenic with the parental strain and not a contaminant, and, possibly, to detect possible chromosomal rearrangements associated with the procedure used to select the strain. For example, phage-resistant derivatives of lactococcal strains [38] or derivatives of a ropy strain of S. thermophilus [41] yielded patterns that were identical or almost identical to that of the parental strain. It was also shown that a lysogenic strain and the corresponding indicator strain do not necessarily have similar restriction fragment profiles. Most often lysogenic strains containing related prophages belong to the same genetic group [37] .
In conclusion, the technique of generating genomic DNA fingerprints by PFGE is useful for identification of individual strains and for the detection of strain lineages. Since this method is sensitive, reproducible, and is universally applicable to all strains of lactic acid bacteria, it is now widely used in both industry and research laboratories as one of the major tools for strain differentiation. Although the method is not labor intensive, a major drawback is that it is rather time-consuming.
Recently, a more rapid method for obtaining genomic fingerprints of strains of Lactococcus lactis has been described [45] . The arbitrarily primed polymerase chain reaction (AP-PCR) [46] is based on amplification of genomic DNA sequences under low stringency conditions using a single oligonucleotide primer, which is not targeted to any specific DNA sequence in the genome. AP-PCR produces a pattern of amplification products that can be used as a genetic fingerprint. This technique scans polymorphisms in a few random sites in the genome, depending on the primer used. This approach is unbiased by any peculiar property of a particular gene locus, a drawback of conventional RFLPs. Its discriminatory value can be increased or decreased by the choice of the primer. AP-PCR gives results equivalent to PFGE macrorestriction analysis. Closely related strains produce almost identical fingerprints, whereas fingerprints of other strains show only some similarities. The results are available in less than 2 days. However, macrorestriction fingerprinting has the unrivalled advantage that the whole chromosome is treated as a single highly polymorphic RFLP. The macrorestriction patterns are much more informative than a AP-PCR fingerprint, provided combined physical and genetic maps of a reference strain are available.
Estimation of the genome size of lactic acid bacteria
The size of the chromosome of any strain can be estimated by PFGE. The genome has to be cut by restriction enzymes generating a limited number of fragments, the size distributions of which are appropriate for pulsed-field gel separation. In the resulting pattern of digestion products, the sum of the sizes of all of the fragments is an estimate of the genome size of the strain. Since the G + C content of the DNA of Lactococcus lactis and Streptococcus therrnophilus ranges from 34 to 40% [1, 47] , restriction endonucleases expected to have a limited number of cleavage sites in the genome are those with recognition sequences that are rich in G + C or that include sequences occurring infrequently in prokaryote DNA, e.g. CTAG, CGG and CCG [12] . Digestion of chromosomal DNA with the restriction cndonucleases ApaI or SmaI appeared to be the most suitable since the resulting pattern was not too complex. In contrast, the enzymes Not I and SfiI produced only a small number of fragments [36] [37] [38] . For Leuconostoc oenos, which has a G + C content close to 40% [3] , the best resolution was obtained with NotI and SfiI [33] , whereas for L. delbrueckii subsp, bulgaricus (G + C content near 50% [4] ), XhoI generated 28 fragments ranging in size from 7 to 260 kb [42] . There are a number of possible sources of error in this type of size determination. In order to obtain a correct estimation of the genome size, different restriction patterns obtained with several enzymes should be analysed. The range of the size of the fragments generated by this technique (2-800 kb) is too broad for all the fragments to be resolved satisfactorily in one electrophoretic separation. Therefore, each restriction enzyme digest has to be analysed with different pulse times to obtain optimal separation in the range of 2-1000 kb.
In theory, plasmids present in some strains may lead to an overestimation of the genome size. In practice their presence does not significantly affect genome size determinations. Almost all of the small open circular (oc) and covalently closed circular (ccc) plasmid forms as well as the large ccc plasmid forms can be eliminated during preparation of the agarose inserts by pre-electrophoresis [36] . Large oc plasmid forms do not migrate during PFGE [48, 49] . Large plasmids could interfere with genome size determination if they are cut by the enzymes used. However, as an example, the calculated genome sizes of the plasmid-containing [,actococcus [actis strain C2 and its plasmid-cured derivative LM2301 are not significantly different [37] . The genome sizes of several spccies and subspecies of lactic acid bacteria have been estimated by PFGE (Table 1 ). There is no significant difference between the sizes estimated for the genomes of the different subspecies of L. lactis. With a genome size ranging from 1.1 to 2.6 Mb, the lactic acid bacteria possess one of the smallest eubacterial chromosomes [23] , comparable in size to those of othcr fastidious bacteria including ttaemoldtilu,s" in fluenzae [50, 51] , Streptococcus imeumoniae [52] , Str~7~tococcus sanguis [36] , Enterococcus faecalis [36] , Stal~to'lococctcs' aureus [53, 54] , and Campyh)bacter specics [55] . Only rickettsias, which are intracellular parasites, and chlamydias, spirochetes and mollicutes (mycoplasmas, urcaplasmas, spiroplasma), which arc wall-lcss prokaryotes phylogenetically related to Gram-positive bacteria with low C + G ratios by rcgrcssivc cw)lution [56, 57] , have a smallcr gcnome size (600-1700 kb).
Although lactic acid bacteria are nutritionally fastidious, most of the genes encoding enzymes needed for biosynthesis (e.g. amino acid biosynthesis) are present [58] [59] [60] . Several examples have been presented of "silent' genes in lactic acid bacteria that can be activated [61] [62] [63] . Bacteria with high biochcmical complexity like E. coli [22] , l~s'eudomonas aeruginosa [64] , Streptomyces [05], and B. subtilis [66] have genomes which are two to four, times larger.
The relatively small size of the chromosome of lactic acid bacteria is consistent with the notkm that their poor adaptation to environmental change is a consequence of the absence of genes that are needed to express a wide range of metabolic functions and to survive in fluctuating cnviromnents. An interesting hypothesis may bc that these genes correspond to 'orphan' genes, recently discovcred during the systematic sequencing of small genomes, such as the chromosome 111 of Saccharomyces cererMae [67] , the f. coli chromosome [68, 69] , and the B. subtilis genome [70] . More than half of the genes identified on the sequenced chromosomes are completely novel, and would not have been accessible by classical genetic approaches. These 'orphan' genes are normally lranscribed and code for unknown functional proteins. Deletion or disruption of these open reading frames (ORF) is not lethal to the cell, in the standard set of laboratory conditions. They may, however, have quite subtlc functions and some of the orphan genes are needed only under unusual conditions. For cxampie, in S. cerecisiae, deletion of a 6.5-kb ORF had no phenotypical effect under normal conditions, but at pH 4.0 and in presence of acetic acid, this deletion had a lethal effect (Slonimski, P. ct al., cited in reference [71] ). The size variation of the bacterial genomes may be linked at least in part to the presence of the 'orphan' genes.
The genome of lactic acid bactcria may represent a basic repertoire of genes necessary to get a complete functional prototroph bacterial cell, with the presence of a limited number of 'orphan' genes. Systematic sequencing of the genomes of lactic acid bacteria will result in confirmation of this hypothesis.
Genomic maps of lactic acid bacteria

Physical maps
Only two complete physical maps of lactic acid bacteria have been published to date: a Not l and Sinai restriction map of Lactococcus lactis subsp. lactis strain DLI1 [72] and a NotI, Sinai and Apal restriction map of Lactococcus lactis subsp. lactis strain IL1403 [73] . Strain DLll [74] is a protcinase-negative (Prt) derivative of the nisin producing Lactococcus lactis strain ATCC 11454. Strain DL11 is poorly characterized at the genetic level; for instance, the number and sizes of its plasmids are not known. In contrast, strains IL1403, a plasmid-free derivative of IL594 [75] , MG1363 [76] , and LM2301 [77] arc the most commonly used laboratory strains for genetic studies. MG1363 and LM2301 have been shown to be isogenic [37] .
The strategies used to order the restriction fragments of strains DL11 and ILl403 were quite different, due to the distribution of the rare restriction sites on their chromosomes. Preliminary restriction analysis of strain DLll showed that the enzyme Not I produced six fragments ranging from 160 to 750 kb, which are well separated by PFGE. The enzyme Sinai had a reasonable number of sites (21 sites) on the genome [72] . The mapping technique adapted to this situation is two-dimensional PFGE analysis of reciprocal Not I and Sma I restriction digests. Genomic DNA digested with one restriction endonuclease was fractionated in the first dimension by PFGE. The lane containing the separated fragments was excised from the gel, treated with the second restriction enzyme, and subjected to a second dimension PFGE. The data generated from the interpretation of the two-dimensional gels allowed the mapping of all the Not 1 fragments and 12 SmaI fragments of strain DLll. The remaining unmapped Smal sites, present in the largest Not l fragment, were located with the help of a third enzyme, SalI, by reciprocal SmaI-Sall two-dimensional PFGE experiments.
For strain IL1403 another mapping technique was adopted, since the distribution of the rare restriction sites was inconvenient. All the restriction enzymes tested generated either too many fragments (> 20) or too few (< 4). In addition, the three Not I sites were not well distributed along the chromosome: the Not l digestion of IL1403 chromosome yielded a large fragment of 1370 kb and two fragments of 555 and 495 kb. To facilitate the construction of the IL1403 map, a genetic tool was constructed, which permits the insertion of rare restriction enzyme sites at random into the chromosome [73] . Plasmid pRL1 does not replicate in Lactococcus lactis and contains an erythromycin resistance gene for selection and a functional insertion sequence ISS1 which promotes the integration of pRL1 into the host chromosome via replicative transposition (Fig. 1) . This integration leads to the generation of one additional NotI, SmaI, and Apal site at the insertion point. Analysis of PFGE patterns of the integrants and subsequent hybridization experiments with a pRL1 probe gave the location and orientation of the integrated plasmid and a precise restriction map close to the insertion point. Analysis of 35 random insertions has led to the mapping of 65% of the Sinai and Apal sites. The unmapped restriction sites were located using the indirect end labelling strategy [78, 79] . This technique allows restriction fragments to be ordered in one direction with respect to a fixed point, the pRL1 insertion site. Chromosomal DNA of clones containing pRL1 at a pertinent position was digested with Not I, digested partially with ApaI or SmaI, separated by PFGE, and hybridized to pRLI erythromycin resistance gene probe. A series of fragments of increasing size were detected. All these fragments extend unidirectionally from the NotI site of the pRL1 insertion site, and represent the successive addition of the ApaI or SmaI restriction fragments (Fig. 1) . From the size of the detected fragments can be deduced the order of the restriction fragments. In addition to physical mapping, the plasmid pRL1 may be used for other genetic purposes. The absence of non-dominating insertion hotspots in the L. lactis chromosome allows inscrtion mutagenesis experiments. The gene disrupted by the pRL1 insertion can easily be localized on the physical map, due to the introduction of extra restriction sites. The chromosomal sequences adjacent to the integrated pRL1 may be cloned in E. coli.
A partial physical map (1 Mb) of the L. lactis MG1363 chromosome, constructed by using the same strategy as that for 1L1403, has been published [73] and is now close to completion (Lc Bourgeois et al., unpublished results). Physical maps of Streptococcus thermophilus strain A054 [40] and Lactobacillus delbrueckii subsp, bulgar# cus [42] will be soon published.
Genetic maps
Genetic maps can be constructed from restriction maps through the analysis of the hybridization to the mapped restriction fragments of labelled gene probes. Such experiments also confirm the physical map. A complete genetic map of strain IL1403 and a partial map of MG1363 have been published [73] . An up-to-date genetic map of strai~ IL1403 with 26 markers is shown in Fig.  2 . The mapping of the rRNA operons on the physical map of strain DL11 [72] has also been reported.
In all prokaryotic cells, the ribosomes possess a very conserved structure. In Lactococcus lactis IL1403, the biochemical and general characteristics of the ribosomal subunits resemble those of E. coil ribosomal subunits [80] . On the chromosome, the genes coding for the ribosomal RNAs are generally clustered in an operon. The organization of this rrn operon in most of eubacteria is The strong conservation of the ribosomal nucleotide sequences allows their use in heterologous hybridization experiments. Six putative rrn operons have been mapped and oriented on the chromosome of strain IL1403 by hybridization with probes specific for the 5' end of the 16S gene and for the 3' end of the 23S gene derived from Clostridium perfringens, and similarly for strain DLll by using rDNA from Mycoplasma capricolum as probe [72, 73] . In both L. lactis strain IL1403 and strain DLI 1, the distribution of the rrn operons was very similar. Five of the loci, rrnA, rrnB, rrnC, rrnD, rrnE, are clustered in a region covering 20% of the chromosome and are transcribed in the same direction; the sixth, rrnF is transcribed in the opposite direction (Fig. 2) . In l,. colt and B. subtilis, the direction of transcription of the ribosomal operons is away from the ~wigin of chromosomal replication [81, 82] . This is thought to minimize collisions between DNA and RNA polymcrases [83] . In L. lactis', the six operons arc all transcribed away from a common region and the origin of replication may thus map in this region, i.e. between rrnF and rrnA.
l'hc structure and the expression of an rRNA ,,peron of L. hwtis IL1403 has recently been citaracterizcd extensively [84] . The operon is compt),wd of one promoter, a leader sequence, a 16S rRNA, a tRNA ah gone, a 23S rRNA gene, a 5S ,RNA gene and a tRNA A~n gene. The gone order seems to be idcntical in the six opcrons [85] . The presence of the same tRNA genes in each operon ctmtlasts with the situation in E. colt and B. ~lthtili.~. The nucleotidc sequence of the analysed rRNA opcron indicated that the C + G content 15Itll is much higher than the overall G+C contcnt of the L. laetis genomc which averages 30% [86] . This is not surprising since the strong evolutionary constraints exerted on ribosomal RNAs maintained their C + G content close to 55% in eubacteria [87] . For this reason, the restriction enzymes used in PFGE mapping experiments and chosen for the scarcity of their cutting sites on the chromosome, have very often recognition sites in the ribosomal operons. For cxami)lc, .Ipal and Smal restriction sites are present in the rRNA operons of the L. laetis strain 1t. 141)3.
The rrn operons can be a source of genetic instability. The presence of several copies of a conserved 1"177 sequence of 5 kb on the chromosome can lead to the deletion or inversion of the inter-operonic region as a result of an intramolccular homologous recombination event. These phenomena were observed in B. subtilis [88, 89] and enteric bacteria such as E. colt [9(I] and Sahnonella thyphimurium [91] . In the progeny of a Streptococcus thetvnophilus strain, it has been demonstrated that a deletion occurs at high frequency between two very closely spaced rrn loci. Since the inter-operonic region was less than 1 kb in length, this deletion failed to cause any detectable phenotypic modifications in the deletion mutants [92] .
Insertion elements
The detection and localization of the insertion elements on the bacterial chromosome is important for the understanding of chromosomal dynamics, since it has been demonstrated that insertion elements are predominant plasmid integration sites [93] and are involved in rearrangements of the E. colt chromosome [94] .
They may also have a positive evolutionary role in conferring an increase in relative fitness in the environment in which the bacteria are maintained [95] . Two of the three insertion sequences known for L. laetis [96] [97] [98] have been mapped: ISS1RS [99] , which is closely related to ISS1 [96] , and IS1076 [100] , which is related to IS904 [98] . ISSIRS is absent from the chromosome of IL1403 but one copy was found in strain MG1363. The other insertion sequence, IS1076, was much more abundant. In the chromosome of strain IL1403, at least seven copies of IS1076 arc present, mainly in the region containing the rrn operons.
l.actoeoccal genes
Twenty-six lactocoeca[ genes have been mapped on the chromosome by hybridization experiments under high-stringency conditions (See Fig. 2) . However, by this technique, the genes were only assigned to a given restriction fragment. The precise positions and the orientations on the physical map of six other genes were determined by using the plasmid vector pRC1 [101] . The gene to be mapped was cloned into plasmid pRCI and the recombinant plasmid, which does not replicate in L. lactis, was integrated into the target gene on the chromosome via homologous recombination by a single crossover. Additional Apal, Smal, and Notl restriction sites (present on plasmid pRC1) were therefore introduced close to the gene. The analysis of PFGE restriction patterns of the integrant after hybridization with pRC1 indicated the precise location and orientation of the cloned gene within the physical map.
Heterologous genes
Since very few chromosomal lactococcal genes are available, genes of other bacterial species have been used as probes in low-stringency Southern hybridizations to identify and map DNA sequences related to the probe. In order to minimize DNA sequence divergence between the probe and the lactococcal gene, the heterologous genes were chosen from bacteria (S. pneumoniae, C. perfringens or S. thermophilus ) which have a C + G content similar to that of L. lactis, and most of them were coding for highly conserved functions. The location of the genes on the chromosome of IL1403 is represented in Fig. 2 . The paucity of the mapped loci is such that no definitive conclusions can be drawn on the gene organization on this chromosome. However, it is notable that the genes involved in amino acid biosynthesis (his', trp and ih,), or the peptidase genes (pepN, pepC, and pepX) are not clustered at a single site. The increasing number of chromosomal genes characterized will quickly allow the construction of a comprehensive and detailed genetic map of Lactococcus lactis.
Comparison of the genomic maps
While the construction of a physical and genetic map is an achievement in itself, the impor-117 tance of that achievement will be enhanced by the use of the data made available. Mapping studies conducted to date allow preliminary comparison of genomic maps at the intrasubspeeies and intraspecies level in lactococci. These comparative studies will indicate the genomic diversity in lactococci and help to elucidate the evolutionary relationships among the different strains.
The availability of the Smal restriction maps of the two Lactococcus lactis subsp, lactis strains IL1403 and DLI1 and the positions of the rrn operons allows a precise comparison of the physical maps of the two strains. Although these strains come from two different collections, the Sinai restriction site positions correspond well over approximately 60% of the chromosome (Fig. 3) . Thc other 40% of the chromosome that contains the six rRNA operons shows more restriction site polymorphism. The arrangement of the ribosomal operons is similar in the two strains, but the distances between these operons are not the same. The variation in size observed in the chromosomal DNA segments might be due to insertions of DNA elements (transposons, prophages) rather than deletions, since, as described for other organisms, deletions are much less frequent, proba- and cremoris which has been estimated to be between 20 and 30% [106, 107] . The conservation of the genomic organization in the species Lactococcus lactis can be assessed by comparing the genetic maps of strains DLll, IL1403 and MG1363. As the genetic map of the strain DL11 was not available, only L. lactis strains IL1403 and MG1363 were analysed. The overall framework of the genome seems to be conserved between these two strains, despite major dissimilarities in the restriction maps. However, strain MG1363 presents a large chromosomal inversion of about 1 Mb in the region containing the rrn operons as compared to IL1403 (Le Bourgeois et al., unpublished results). At the genus level, there is no apparent similarity between the genetic maps of the chromosomal markers used in L. lactis, Streptococcus pneumoniae [52] and Streptococcus mutans [108] . bly because they often have deleterious consequences [23] . Most of the variable regions of the two strains are located between the rrn loci. This suggests that one mechanism for genomic diversification in L. lactis could involve horizontal transfer of DNA and homologous recombination between rrn genes, leading to segmental exchange as found in E. coli and Salmonella thyphimurium [102] . A similar observation has been made for Clostridium strains [103] .
Strains IL1403 and DLll, belonging to the same subspecies lactis, are probably genetically closely related since the macrorestriction polymorphism is low. In contrast, the restriction maps of strains IL1403 and MG1363 differ completely from one another (Fig. 4) . Originally, both strains were classified in the subspecies lactis on phenotypic criteria but analysis of DNA-DNA reassociation [5] , and 16S RNA sequences [104, 105] , direct gene sequence comparisons and Southern hybridization analysis with cloned chromosomal genes as probes [106] indicated that MG1363 and the closely related strains NCDO712, NCDO763 (ML3), NCDO505 (C2), LM2301 belong genotypically to the subspecies cremoris. The high degree of restriction polymorphism between IL1403 and MG1363 is consistent with the divergence of genomic sequences between L. lactis subsp, lactis
Conclusion
Further chromosome mapping studies in lactic acid bacteria will improve the understanding of the genomic organization of these bacteria, and help answer some of the following questions. Are the genes encoding the vital housekeeping functions, biosynthetic functions or technological properties randomly or nonrandomly distributed on the chromosome? Which are the regions and what is the gene order which has been retained during evolution?
The investigation of genetic variability between lactic acid bacteria will help to clarify the phylogenic relationships among these species and provide new information on bacterial evolution. Genetic studies conducted to date indicate that there is a high degree of genetic diversity between the two subspecies lactis and cremoris whereas few genetic differences have been observed within each subspecies. Is the high degree of genetic variation between the two subspecies due to ancient divergence or to a mechanism that speeds up mutagenesis and/or genetic change? Is acquisition and loss of extrachromosomal elements mechanism for genetic variation of these bacteria in nature? Further studies of the genetic structure of lactic acid bacteria might answer such questions.
These studies will also allow assessment of the plasticity of the genome and help define the stable and variable regions of the chromosome. In Enterobacteria, it appears that genes furthest away from the origin of replication have a mutation rate approximately double that of genes near the origin of replication [109] . The homologous recombination capacity also varies considerably along the B. subtilis [110] or E. coil [111] chromosome, often in Correlation with the chromosomal replication pattern. These parameters have to be taken into account when genes are integrated into the genome: some chromosomal regions are probably more adapted to gene integration than others. Analysis of these phenomena will open avenues for chromosome engineering and strain improvement.
The classification of strains into genetic groups on the basis of molecular criteria (RFLP, PFGE, PCR, nucleotide sequences and multilocus enzyme electrophoresis [112] data) will facilitate screening programs: all members of each particular group will possess similar attributes, distinguishing them from other groups. If one group possesses an interesting characteristic, screening programs to isolate novel strains with this property would be well advised to focus attention on those new isolates which are related to strains of that group. Screening programs could thereby be better directed, by concentrating only on those strains that are more likely to possess the required characteristic.
We are very close to having the necessary techniques and knowledge to be able to engineer the chromosome in a rational manner. High-efficiency integration systems for lactic acid bacteria are available [101, [113] [114] [115] [116] [117] . For the construction of hybrid chromosomes, the development of a genetic system similar to Tn5-mob [118] of Gram-negative bacteria would allow the mobilization by conjugation of specific parts of the chromosome of the donor strain and the recombination of these into the genome of the recipient strain. Homologous recombination between Lactococcus lactis subsp, lactis and cremoris might be difficult because of the low nucleotide sequence homology, but studies on mismatch repair systems and genetic recombination [119] [120] [121] might solve this problem in the future.
